Introduction
Flocculants play a significant role in flocculation and sludge dewatering processes for the removal of solids and reduction of sludge volume in wastewater treatment ). Inorganic flocculants (e.g. metal salts) and organic polymeric flocculants (e.g. polyacrylamide) are commonly used in the treatment of water and industrial effluents.
Among various types of chemical flocculants, polyacrylamide-based flocculants with high molecular weight (typically >10
6 ) have gained wide popularity due to their flocculating efficiency in the removal of pollutants (generally > 90%) and formation of strong and dense flocs at very low dosage (Singh et al. 2000) . However, the potential problems associated with the use of chemical flocculants are their lack of biodegradability and dispersion of metal or polymer residues in the treated water that may represent a health hazard (Bae et al. 2007; Bolto and Gregory 2007; Renault et al. 2009; Sharma et al. 2006 ). In addition the sludge formed at water treatment plants has a limited potential for recycling due to the toxicity resulting from the use of chemical flocculants (Anastasakis et al. 2009 ). With the identification of acrylamide as a suspected carcinogen (Dearfield et al. 1988; Shipp et al. 2006 ) and the toxicity of chemical flocculants, their application in water treatment has raised public awareness regarding their use (Smith and Oehme 1991) . Stringent regulations have been implemented by Japan, Switzerland and France, amongst others, to strictly control their usage in drinking water treatment and food-related processing (Bolto and Gregory 2007; Lu et al. 2014) .
Under the tightened environmental regulations, researchers have started to develop natural flocculants for water purification, food and beverage clarification, and other separation processes in cosmetic, biotechnology and pharmaceutical industries (Bratskaya et al. 2004 ).
Natural plant-based bio-flocculants with polysaccharides as the main components have emerged as a potential alternative to polymeric flocculants. Their application in wastewater treatment has increased on account of their widespread abundance in nature and biodegradability. These bio-flocculants are derived from Abelmoschus esculentus, Malva sylvestris, Plantago psyllium, Plantago ovata, Tamarindus indica, and Trigonella foenumgraecum, and have shown promising results with respect to the treatment of biological effluent, landfill leachate, dye-containing wastewater, textile wastewater, tannery effluent, and sewage effluent (Al-Hamadani et al. 2011; Anastasakis et al. 2009; Mishra et al. 2002a; Mishra et al. 2003; Bajpai 2005, 2006; Mishra et al. 2002b; Mishra et al. 2004 ).
Work to date has shown that bio-flocculants are needed in larger dosage compared with synthetic flocculants (Mishra et al. 2012; Sengkhamparn et al. 2009 ). Conventionally, bioflocculants are prepared using drying and extraction processes (Mishra and Bajpai 2005; Sharma et al. 2006) , which are both time-consuming and require significant amounts of energy. These drawbacks have restricted the subsequent application within industry. It is known that functional properties of mucilage are sensitive to the extraction methods and conditions (Jaya and Durance 2009) , however, the effects of extraction parameters on the extract yield, and flocculating and sludge dewatering abilities of bio-flocculants have not, as yet, been investigated. There is therefore a need for research to systematically determine the optimal extraction conditions in order to evaluate the potential value of bio-flocculants to industry, and to identify strategies to reduce extraction times and energy consumption.
Among the plant-based bio-flocculants that have been studied thus far, okra has attracted considerable attention mainly because it is inexpensive and readily available in tropical countries all year round. Its flocculating property in removal of solids and turbidity has been proven in clarification of kaolin solution and biologically-treated effluent (Anastasakis et al. 2009 ), tannery and sewage wastewaters (Agarwal et al. 2001) . However, its capability in sludge dewatering has not been reported to date.
Conventional extraction by using solvent coupled with the use of heat and/or agitation is commonly employed to extract the bio-flocculants from plant materials (Mishra and Bajpai 2005; Sharma et al. 2006) . Even though conventional extraction is time-consuming, it has been used for decades in extraction of a wide range of active components from plants, and still remains as the primary reference for preliminary or fundamental studies related to extraction and for evaluating the performance of extraction efficiency (Wang and Weller 2006) .
In this work, a water extraction process was studied using shorter extraction times than existing extraction methods combined with process parameters to enhance mass transfer. The objective of this study was to optimise the extraction temperature, time, solvent loading and agitation conditions to produce bio-flocculant with optimal extract yield and sludge dewatering ability comparable to commercial flocculants.
Material and methods

Materials
Fresh okras were sourced from the Selangor region in Malaysia. Nylon cloth (500 µm) was used for filtration. Kaolin slurry without chemical treatments and purification was purchased from Kaolin Malaysia Sdn. Bhd and stored at room temperature in plastic containers. The cationic (FO 4400 SH) and anionic (AN 934 SH) polyacrylamides with 30% charge density and 1.5 x 10 7 g/mol were purchased from SNF Floerger dealer (KemPro Sdn. Bhd.) in Malaysia.
Preparation of kaolin sample
Kaolin samples were prepared for evaluation using a Jar Test (Bratby 2006) . The slurry was mixed at 1200 rpm for 10 minutes and sampled during stirring to ensure homogeneity. The pH of the slurry was measured, and suspended solids (SS) and turbidity (TU) measurements were taken. All the measurements of SS and TU in this study were conducted with colorimeter (DR/890, HACH, USA) according to Standard Methods 8006 and 8237 respectively (USEPA 2012). The characteristics of the kaolin slurry are listed in Supplementary Table S1 .
Bio-flocculant extraction
The okras were washed and then rinsed with deionised water. The upper crown head and the seeds inside the pods were then removed, and the pods sliced into 5-10 mm cubes. The sliced pods were ground and mixed with deionised water with a predetermined solvent loading (w/w) in conical flasks. The flasks were sealed and placed in a shaker bath at a constant temperature and agitation speed (Supplementary Figure S1 ). The evaporation rate was verified to be less than 0.05% over the duration of the extraction. After the predetermined extraction time, the flasks were kept aside at room temperature for 1 hour for complete release of the mucilage into water (Ameena et al. 2010 ).
The marc was separated from the extract by filtration, and the filtered marc subjected to centrifugation at 7000 rpm for 20 minutes to recover the remainder of the extract. The 
Experimental design
Single factor experimental design was used to optimise the extraction conditions and study the effects of the extraction temperature, time, solvent loading and agitation speed on the extract yield and sludge dewatering ability of the bio-flocculants. Six sets of experiments were carried out to establish the most significant factors affecting the extraction of bioflocculant. The parameters studied are presented in Supplementary Table S2 .
Jar Test procedures on kaolin clarification
Jar Tests were used to evaluate the flocculating efficiency of the bio-flocculants in clarification of kaolin slurry and were conducted with a commercially available Jar Tester (ET 720, Lovibond, Germany) at room temperature. The kaolin suspension was used as a representative colloidal material because its surface characteristics are well-understood and is commonly used to evaluate the characteristics of newly developed flocculants (Lee et al. 2010; Yang et al. 2009 ).
The bio-flocculant was injected into kaolin slurry whilst stirring at 700 rpm. The flocculation process consisted of stirring at 700 rpm for 1 minute, followed by stirring at 350 rpm for 1 minute and settling for 30 minutes. The settled sludge volume was taken for calculation of the sludge volume index (SVI) according to Method 2710D (Rice et al. 2012 ).
The supernatant was used for measurement of the SS and TU. The treated solution was then subjected to a filtration test to analyse the sludge dewatering ability.
Sludge dewatering study on kaolin sludge quality
The filtration test was performed to analyse the floc strength and the water recovery capability (Chong 2009) . A Buchner funnel with 500 µm nylon filter cloth was assembled above a graduated cylinder (Lo et al. 2001; Lu et al. 2014; Wang et al. 2013) . The treated solution after Jar Tests was poured into the Buchner funnel. The water recovery (filtrate volume) collected at 10s was recorded and the SS in the filtrate was measured.
Results and Discussion
Flocculating ability in removal of suspended solids and turbidity
Prior to evaluation of sludge dewatering ability, the flocculating efficiencies of bioflocculants extracted under different extraction conditions in SS and TU removal were examined. Before Jar Tests, the pH values of kaolin slurry were 4.5 to 5 while the pH values of bio-flocculants were 6 to 6.5. After the flocculation process the results showed that AF and DF exhibited remarkable efficiencies in SS and TU removal (>99%). Most of the SVI values were maintained lower than 10 mg/L, indicating good settling capability. All measured values were found to have a standard deviation below 3%, indicating the results were reproducible.
These findings confirm that bio-flocculants extracted from okra are naturally neutral and effective for kaolin clarification under acidic conditions without pH alteration.
Comparison of flocculating ability of extracted bio-flocculant with literature results
The flocculating ability of the okra bio-flocculant extracted in this study was compared with other work that studied the application of okra bio-flocculants on different types of wastewater treatment. The comparison is displayed in Supplementary Table S3 .
In other studies it was noted that the treatment process may require the addition of coagulant or pH adjustment, and require long treatment times in order to obtain good flocculating performance. For treatment of solutions low in SS or TU the negative colloidal particles are generally well dispersed, and hence a coagulant is required. In many cases, pH adjustment is needed to achieve the isoelectric point for formation of flocs (Chong 2012) .
In this work very efficient flocculating performance was achievable directly, without addition of coagulant and pH alteration. The treatment time was significant shorter compared to other studies. There is no requirement of pH adjustment due to the near neutral behavior of the bio-flocculant. It is postulated that the bio-polymer extracted has long and branched chains which adsorb on the surface of colloidal particles and bring them together. This indicates that the extracted bio-flocculant exhibits the ability to form big and densely packed flocs which settle rapidly during treatment of solutions high in SS.
Intrinsic extract yield and sludge dewatering ability
Effect of extraction temperature
In order to study the effect of extraction temperature on the extract yield and sludge dewatering ability, the extraction process was carried out at 25, 40, 50, 60, 70, 80 and 90 o C while other extraction conditions as shown in Supplementary Table S2 (Sets 1 and 2) were constant. Figure 1 shows the variation of extraction temperature on the extract yield at 100 and 200 rpm. C. This may be due to degradation of thermolabile components caused by prolonged exposure at these higher temperatures. A similar trend was also observed in other studies (Cai et al. 2008; Li et al. 2013; Qian 2014; Ying et al. 2011; Zheng et al. 2011) . It has been reported that most biodegradable natural biopolymers contain hydrolysable groups along with the main chain, which can cause biodegradation to happen via hydrolysis, oxidation, methylation, isomerization or other degradation reactions that depend on the extraction temperature and the exposure time (Carr et al. 2011; Singh et al. 2000) . To further affirm the trend the effect of extraction temperature on the extract yield was determined at a higher agitation speed (200 rpm). The extraction trend was observed to be similar, with a peak at 50 o C, but higher yields were obtained at all temperatures using the higher agitation speed.
The effect of extraction temperature on the sludge dewatering ability for extractions carried out at 200 rpm is presented in Figure 2 . These results reveal that even though extraction at 50 o C gives the maximum yield, it may not reflect the optimal extraction conditions. One possible reason for this is the extracted active components may not be those responsible for efficient flocculating and dewatering properties. One study states that the extraction temperature affects the polarity of water, which defines the type of compounds that are extracted (Carr et al. 2011) . For temperatures between 60 and 90 o C, the bio-flocculants exhibited more desirable dewatering properties.
The water recovery for AF and DF were almost constant at 45-50% and the SS removal was more than 90%. This indicates that the produced sludge flocs were stronger and more 
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compact than the ones at lower extraction temperatures, thus promoting the dewaterability of the flocs with high removal of SS. Despite this benefit it is noted that increasing temperature will also lead to an increase in energy consumption and hence cost of the extraction process, thus 70 o C was adopted as the optimal extraction temperature for the remainder of the parametric study. Figure 3 shows the effect of extraction time on the yield at 50 and 70 o C. The variation in extraction time did not lead to any obvious changes in the sludge dewatering properties. Dewatering ability was stable, and is considered to be effective at all extraction times with more than 99.5% removal of SS after filtration and 45-50% water recovery obtained. This indicates that the extraction time does not affect the principal components responsible for flocculating and sludge dewatering at 70 o C. Since time did not have significant effect on the dewatering ability, the extract yields shown in Figure 3 were used to determine that the optimum extraction time was 2 hours.
Effect of extraction time
Effect of solvent loading (solvent/plant ratio)
The effect of solvent loading on the extract yield is shown in Figure 5 . When the solvent loading increased from 0.5 to 2.5, the extract yield was enhanced, and reached a maximum value at 2.5. A larger solvent loading implies greater concentration difference between the interior plant cells and the exterior solvent, and thus increases the driving force for mass transfer of extractable components into solvent (Qiao et al. 2009; Yang et al. 2013; Ying et al. 2011 ). However, the extract yield indicated a decreasing tendency when the solvent loading was further increased from 2.5 to 5. This observation was not expected, and indicates that the mass transfer regime in the apparatus used for this study may vary with the solvent loading.
As shown in Figure 6 , solvent loading did not have a significant effect on the sludge dewatering efficiencies of AF and DF. More than 99.5% removal of SS after filtration and water recoveries of 45-50% were obtained under all conditions. A solvent loading of 2.5 was identified as the optimum condition based on the maximum extraction yield obtained at this condition. 
Effect of agitation speed
The effect of agitation speed on the extract yield is presented in Supplementary Figure S2 according to the conditions listed in Supplementary Table S2 
Magnitude of extraction yield
The optimised extraction conditions were identified as 70 o C, 2 hours, a solvent loading of 2.5 and agitation speed of 200 rpm. At these conditions the bio-flocculants exhibited the highest extract yield at 2.38 ± 0.07%. Whilst this seems a low value, it is comparable to the yield obtained for extraction of polysaccharides from other studies, as shown in Supplementary Table S4 . The yield obtained in this work is within the range identified by other studies (0.69-3.66%).
Comparison of sludge dewatering abilities of bio-flocculants with commercial flocculants
The sludge dewatering abilities of aqueous and dried bio-flocculants extracted at optimised conditions were compared with commercial cationic and anionic polyacrylamides at various dosages, and the results are displayed in Supplementary Figure S4 .
The commercial flocculants exhibit their optimum sludge dewatering and water recovery at around 50-70 g/L, whereas the bio-flocculants require a much higher dose (150 g/L for dried bio-flocculant and 175 g/L for aqueous bio-flocculant) to achieve a comparable performance. At dosages below 175 mg/L, it was found that DF exhibited higher sludge dewatering ability than AF, indicating that the drying process improves the flocculating performance by reducing the degradation that occurs with time in the aqueous phase. There is clearly an economic drawback in using either form of bio-flocculant due to the increased dosage required. Yet, the major importance of their applications in food and other industries, and the value of its substantial benefit to environment and human health may offset this extra cost in circumstances where the use of polymeric flocculants is undesirable or prohibited (Lee et al. 2014) . In addition, the sludge or flocs formed are biodegradable and safely to be landfilled without further treatment and would reduce the overall treatment cost. To enable more widespread use of bio-flocculants it is therefore necessary to improve the extraction efficiency and the bio-flocculant quality such that the extract yield is enhanced and lower dosages of the resultant extract can be used, and further work by the authors will focus on the use of advanced extraction methods (e.g. microwave assisted extraction) for these purposes.
Conclusion
This study has shown that a bio-flocculant can be successfully extracted from okra using water as a solvent. The bio-flocculant could be used without pH adjustment or addition of coagulant, and exhibited high removal of suspended solids and turbidity and water recovery.
The sludge dewatering performance was verified to be comparable to commercial flocculants, albeit at 2-3 times the dosage. A single-parameter experimental approach identified optimum extraction temperature to be 70 o C, extraction time of 2 hours, solvent loading of 2.5 and agitation at 200 rpm. At the optimised conditions, the extract yield was 2.38%, >98% solids removal and 68% water recoveries were attained. The extraction process was shown to be mass-transfer limited, specifically by diffusion into the bulk liquid phase. Further gains in extraction yield may be possible using apparatus that can achieve high Reynolds numbers, and this will be the focus of future work. Table S2 . Parameters studied and the range used in single factor experimental design. (Cai et al. 2008) Hyriopsis cumingii (pearl mussels) 
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